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We apply a recently proposed cross-correlation power spectrum technique to study relationship
between the ultra-high energy cosmic ray flux from the Pierre Auger Observatory and galaxies from
the 2MASS Redshift Survey. Using a simple linear bias model relative to the galaxy auto power
spectrum we are able to constrain the value of bias to be less than 5%, with the best fit value of
about 1% detected with statistical significance of ∼ 1.8σ. We study energy dependence of the bias,
but the small sample size does not allow us to reach any statistically significant conclusions. For
the cosmic ray events above 52 EeV we discover a curious excess cross-correlation at ∼ 1◦ degree
scales. Given similar cross-correlation is not visible at larger angular scales, statistical fluctuation
seems like the most plausible explanation.
I. INTRODUCTION
The quest to find the astrophysical sources of ultra-
high energy cosmic rays (UHECR) and to understand
the physical mechanisms that accelerate particles to en-
ergies over 1 EeV is still underway (see [1] for a recent
review). Although recently the Pierre Auger (PA) col-
laboration achieved a major breakthrough in discovering
a dipolar modulation of the UHECR flux above 8 EeV
[2], this does not provide sufficient information to resolve
these puzzles. Despite several suggestive hints [3, 4], the
smaller scale UHECR anisotropies that would provide
further clues so far escape a conclusive detection.
There exists extensive literature dealing with the is-
sue of UHECR anisotropies (see e.g. [3–13] and refer-
ences therein). One strategy is to focus exclusively on
the UHECR data. Using them, it is possible to search
for “hotspots” [3, 12], constrain individual coefficients
in the spherical harmonic expansion and the related an-
gular power spectra of map of the UHECR flux [7] or
investigate the correlation function (typically integrated
i.e. counting a number of pairs of events separated by
less than a given angle) [10, 12]. Alternatively, one can
search for a connection between the observed directions
of the UHECR events and the distribution of objects in
the nearby Universe. Beyond again looking at the in-
tegrated correlation function [8, 12], it is also possible
[4–7, 10–12] to build an expected UHECR flux based
on a particular physical model for the sources and the
magnetic fields and compare the observed distribution of
UHECR with the expectation of the model, for example
using the Kolmogorov-Smirnov statistic or by comparing
likelihood ratios of various models.
Recently, [14] proposed using harmonic space cross-
correlation power spectrum (see Eq. 3) of the UHECR
flux and a tracer of the large scale structure as a novel
addition to the later family of approaches. Effectively, it
compresses the two dimensional information contained in
the two maps into a one dimensional cross power spec-
trum CXY` that quantifies coherence of features in the
maps as a function of the angular scale. Such com-
pression would be detrimental for example in case the
UHECR are produced by several nearby sources and in-
formation on the map level would be expected to be es-
sential. On the other hand, in the case of a large number
of sources tracing the large scale structure, information
about any particular sky direction is not important and
it is mostly the overall coherence between UHECR and
the tracer that carries the relevant information. In such
case reducing the dimensionality of the data can be ad-
vantageous. Even if we find that the UHECR flux is
dominated by several nearby sources, analysis based on
the cross-correlation power spectra might be useful to
understand the properties of the residual flux after these
sources are modeled and subtracted out.
The usefulness of the cross-power spectrum analysis
also depends on the effect the magnetic fields have on
the UHECR propagation. If the magnetic fields cause
mostly a stochastic deflection of UHECR, this should
manifest effectively as smearing of the signal below a
certain smoothing scale. The cross-power spectrum tech-
nique would then still be useable on angular scales larger
than such smoothing scale, with the value of the smooth-
ing scale providing information about the properties of
the magnetic field. On the other hand, if the effects of
the magnetic field turn out to be more complicated, map
based analysis may again turn out to be necessary.
Notice that the cross-correlation technique does not
depend on any particular physical model (of for example
the magnetic field) beyond choosing the particular tracer
to cross-correlate with. This means that it is well suited
for initial explorations, findings of which can inform more
complex physical models.
While the proposed technique is at heart related to
the other commonly used techniques (for example the
cross-power spectrum is a Fourier transform of the real
space correlation function), it offers certain advantages.
In particular, it offers a clean separation of angular scales,
which may offer additional insights. In commonly used
methods similar information could be obtainable by com-
paring results obtained with different smoothing scales,
but this can quickly become rather involved.
In this work we perform the first application of the
cross-correlation power spectrum technique to a UHECR
data set, namely events detected by the PA Observatory
(PAO). We cross-correlate the corresponding UHECR
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2flux with galaxies from the 2MASS Redshift Survey
(2MRS); by doing this we effectively probe how much
do the UHECR events trace all the visible matter in
the nearby Universe. As a possible alternative one can
perform a targeted analysis by picking a particular set
of objects deemed likely to contribute to the UHECR
flux (such as starburst galaxies) and cross correlate the
UHECR flux with them, but we do not perform such a
targeted analysis in this work.
The ultimate question we will aim to answer is whether
there is any excess correlation between the 2MRS and
PAO datasets. While the cross-correlation does not need
to assume any particular model (see the points in Fig. 1),
we fit a simple linear bias model relative to the 2MRS
galaxy auto power spectrum to gauge to what extent are
the data consistent with no correlation. To the extent
allowed by the publicly available data we will also in-
vestigate dependence of the bias on the energies of the
UHECR events.
This work is organized as follows: We start by summa-
rizing the data sets we use in § II. In § III we describe the
steps used in our analysis, before presenting our results
in § IV. We list tests we performed to check robustness
of our results in § V and conclude with a discussion in
§ VI. In the Appendix A we describe how we calculate
the exposure of the Pierre Auger Observatory.
II. DATA
We use the PAO data publicly released with [2], rep-
resenting over 12 years of observing. We mostly focus
on the 32187 UHECR events with energies above 8 EeV,
although we briefly discuss also the 81701 events with en-
ergies between 4 and 8 EeV. Beyond this binary division
we do not have any further information about the ener-
gies of the events, with the exception of a subset of 231
events with energies above 52 EeV which were released
earlier and which correspond to about 10 years of data
collecting [12]. For a technical description of the PAO
and the detection techniques, we refer the reader to [15].
As a tracer of the nearby large scale structure we use
galaxies from the 2MRS [16]. This spectroscopic survey
covers 91% of sky and contains 43533 galaxies, forming a
nearly complete (97.6%) survey of galaxies brighter than
11.75 mag in Ks band, with reddening limited to E(B−
V ) ≤ 1 mag.
III. ANALYSIS TECHNIQUES
In this section we go over the technical details of our
analysis. We first describe how we convert the catalogs
of UHECR events and galaxies into sky maps, how we
estimate their cross power spectra and introduce our lin-
ear bias model. Then we go on and detail generation
of mock UHECR catalogs, comment on obtaining auto
power spectra of the 2MRS galaxy catalog and finish by
explaining a maximum likelihood estimate for the bias
parameter of our model.
A. Maps and masks
We work with maps in the Healpix pixelization [17].
Our default resolution will be Nside = 512, with each
pixel having an area of 47 square arc minutes.
From the 2MRS data, we construct the galaxy over-
density map
δg(~n) =
ng(~n)− n¯g
n¯g
, (1)
where ng denotes the number of galaxies in a given pixel
and n¯g is the mean value over all observed pixels. Only
galaxies with galactic latitude and longitude satisfying
|b| ≥
{
5◦, 30◦ ≤ l ≤ 330◦
8◦, otherwise
(2)
were included into the catalog; this determines the mask
of the survey which we will use in what follows.
From the UHECR catalog we first convert the observed
hit counts into a flux map Φ by using an estimated expo-
sure function (A7) from Appendix A. Then we calculate
the overdensity map δΦ in a manner analogous to (1).
The mask is determined by the maximal declination that
can be observed by PAO.
B. Power spectra and linear bias
Given two fields on a sphere δX , δY , their cross power
spectrum is calculated as
CˆXY` =
∑
m
δX`mδ
Y ∗
`m
2`+ 1
, (3)
where δX,Y`m are coefficients of δ
X,Y in the spherical har-
monic expansion and star denotes complex conjugation.
For brevity, in what follows we will not explicitly write
the hat on top of power spectra to denote an estimate.
The model we will consider in this work is a linear
relationship between the cross-power spectra of δΦ and
δg, the UHECR flux and galaxy counts overdensities, and
the galaxy overdensity auto power spectrum,
CΦg` = bC
gg
` +N`. (4)
Here N` represents noise and b is commonly referred to
as “bias”. In this work we will estimate value of b to
see whether it is consistent with zero, which would mean
no relationship between the anisotropies in the observed
UHECR flux and the 2MRS galaxies.
Because of the incomplete sky coverage, we do not
know δX over the whole sky. Effectively we can think
3of this as measuring δX modulated with a position-
dependent weight wX , i.e.
δ˜g(~n) = wg(~n)δg(~n). (5)
In the simplest case, w represents a binary mask and
is set to zero in parts of the sky not accessible to the
experiment and one elsewhere.
We can then calculate the cross-power spectra of
δ˜g, δ˜Φ, so-called pseudo-power spectra C˜gΦ` . Assuming
no mixing between different angular scales, these are re-
lated to the underlying power spectra through a linear
relation (e.g. [18])
C˜gΦ` =
∑
`′
K``′C
gΦ
`′ , (6)
where the kernel K``′ can be analytically calculated from
the weights wX . For our weights the kernels will be in-
vertible, which allows us to express
CgΦ` =
∑
`′
K−1``′ C˜
gΦ
`′ . (7)
To calculate the pseudo-power spectra and the kernel
K``′ we use the publicly available code Polspice [19].
While for the galaxy overdensity map we use wg based
on the 2MRS mask, for the PA events we use the prod-
uct of the corresponding mask and the exposure function
E(δ) described in Appendix A. This way we put lower
weight on events in the parts of the sky with low expo-
sure, that are intrinsically more noisy. We point out that
the choice of weighting of the PAO events leading to the
optimal signal to noise ratio is unknown to us and does
not appear to be immediately obvious, so we use this as
a simple heuristic.
C. Random UHECR event catalog
Here we describe how we generate mock UHECR cat-
alogs, necessary to estimate properties of N` and uncer-
tainties of our analysis. As we will see shortly, the values
of b preferred by the data are rather small and we are
not able to rule out b = 0 with sufficient statistical sig-
nificance. We will thus simulate UHECR events as if they
were independent of the galaxy positions.
We start by generating events from an isotropic flux,
consistent with the exposure (A7). To accommodate for
the dipole observed in the UHECR flux [2], for each event
we first calculate
pth =
1 +Ad (~n · ~nPAd)
1 +Ad
, (8)
where ~n is the direction of the generated event, ~nPAd is
the direction of the observed UHECR flux dipole (decli-
nation −24◦ and right ascension 100◦) and Ad = 0.065
is its amplitude. For each such event we then draw a
random number p uniformly distributed in [0, 1] and re-
tain the generated event only if p < pth; this leads to a
dipole flux modulation. We repeat this procedure until
we have the same number of events as is in the UHECR
catalog, and we use them to construct a mock overden-
sity map δΦ. The whole process is repeated to generate
Nsims = 200 mock UHECR maps.
D. 2MRS auto power spectra
To estimate the value of bias b we also need to know the
auto power spectrum of the 2MRS galaxy overdensities.
To achieve this, we repeat the calculation from [20].
Because the angular power spectrum estimated from
δg by Polspice is a sum of the signal and shot noise, we
must subtract the latter. To estimate it, we randomly
split the 2MRS galaxy catalog into two parts, obtain the
corresponding overdensities δg,1, δg,2 and form the half-
sum and half-difference maps
HS =
δg,1 + δg,2
2
(9)
HD =
δg,1 − δg,2
2
. (10)
As the latter contains on average only the shot noise and
no signal, we can estimate the 2MRS galaxy power spec-
trum as
Cgg` = C
HS
` − CHD` . (11)
The power spectrum we get this way is in good agreement
with values reported in [20].
E. Fitting b
The power spectra CgΦ obtained from the mock
UHECR maps reveal that the expectation value of N`
is, while small, nonzero. We calculate its mean value
〈N`〉 from simulations, and define
∆CΦg` = C
Φg
` − 〈N`〉 (12)
∆N` = N` − 〈N`〉. (13)
We will then try to explain the excess correlation between
UHECR and galaxies in the model,
∆CΦg` = bC
gg
` + ∆N`, (14)
now with noise that has a zero expectation value.
To avoid correlations and have a more Gaussian like-
lihood, we bin the multipoles with ∆` = 21, starting
with `min = 2. As the resolving power of PAO at the
investigated energies is ∼ 1◦− 2◦, we consider either five
(`max = 106) or ten (`max = 211) bins in our analysis,
as these are the approximate ` ranges that correspond to
the angular scales observed. We chose these `max before
the analysis, to avoid a posterior bias.
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FIG. 1. Excess cross-correlation (black points) between the
overdensities of the UHECR flux (E > 8 EeV) and galaxy
count, together with standard deviations estimated from sim-
ulations. The dashed line corresponds to the b = 0 model, the
red and blue line show the best fit linear bias model bCgg with
b estimated using data to `max of 106 and 211 respectively.
TABLE I. Best fit values of bias
UHECR Energy `max
106 211
4 EeV – 8 EeV (0.33± 0.41)× 10−2 (0.29± 0.33)× 10−2
above 8 EeV (1.22± 0.65)× 10−2 (0.92± 0.54)× 10−2
above 52 EeV (8.65± 7.54)× 10−2 (4.74± 6.29)× 10−2
On simulations we checked that the binned ∆CΦg` are
well described by a Gaussian distribution with a diago-
nal covariance; these conclusions are not expected to be
affected if b turns out to be nonzero but small.
These findings allow us to construct a Gaussian likeli-
hood L for b,
− 2 logL =
∑
B
(
∆CΦgB − bCggB
)2
σ−2B , (15)
where B sums over bins and σB is standard deviation of
∆CΦgB estimated from the simulations.
The maximum likelihood estimator for b is then
b =
∑
B ∆C
Φg
B C
gg
B σ
−2
B∑
B (C
gg
B )
2
σ−2B
(16)
and its standard deviation satisfies
σ−2b =
∑
B
(CggB )
2
σ−2B . (17)
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FIG. 2. The best fit bias b in three UHECR energy bins.
Using the events between 4 EeV and 8 EeV (left), our fiducial
sample with energies above 8 EeV (center) and the sample of
events with energies above 52 EeV (right, overlaps the fiducial
sample). Estimated using data to `max of 106 (red) and 211
(blue).
IV. RESULTS
In Fig. 1 we for our fiducial sample of UHECR
events with energies over 8 EeV show the excess cross-
correlation. The case of no bias, b = 0, is represented
by the dashed line, the red and blue curves represent the
best fit bCgg when `max is either 106 or 211. The best fit
values of b are listed in Table I, we see a ∼ 1.8σ detection
of positive bias of about a percent. The best fit bias is
slightly smaller when the larger range of multipoles `max
is used.
We repeat the analysis for the UHECR events with
energies between 4 EeV and 8 EeV and for the subset
of events we know have energies above 52 EeV and show
the resulting values of b in Fig. 2. The best fit values of
b are again listed in Table I.
For the flux of UHECR events with energies above 52
EeV we noticed a strange excess correlation in the multi-
pole range 235 - 295, see Fig. 4. Local significance of the
cross correlations observed in these three bins are 3.3σ,
2.6σ and 2.7σ, which together with their clustering we
found interesting enough to report here.
V. TESTS
For the catalog of events with energies above 8 EeV we
repeated the analysis several times with different analy-
sis choices, to test convergence and sensitivity to our as-
sumptions. In Fig. 3 we show the final values of the bias
for the case with `max = 106; `max = 211 leads to similar
conclusions.
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FIG. 3. Testing impact of various assumptions (see text) on the outcome of our analysis, with `max = 106. The left-most point
is our fiducial analysis.
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FIG. 4. Excess cross-correlation between the overdensities of
the flux of UHECR events with energies above 52 EeV and
galaxy counts, together with standard deviations estimated
from simulations (black points). The orange range shows the
region with surprisingly strong cross-correlation.
• halving Nside, the resolution of the underlying
Healpix grid
• doubling Nsim, the number of Monte Carlo simula-
tions
• apodizing the masks with a 2◦ cosine taper to as-
certain there are no problems with ringing in the
Fourier domain
• neglecting the UHECR dipole when generating
mock catalogs by setting Ad = 0
• changing E(δ) by artificially increasing / lowering
the PAO latitude λPAO (see Appendix A) while
keeping the observable part of the sky constant
through a matching change in θmax
• weighting the PAO events by E2(δ) as opposed to
E(δ) (see § III B)
We also tested that choosing a finer binning with
∆` = 5 or using the full covariance matrix — as op-
posed to just the diagonal elements — to estimate b does
not significantly change the results.
We performed a similar suite of tests (without Nside
and apodization) for the UHECR catalog with energies
over 52 EeV and found that the ∼ 1◦ anomaly is similarly
robust with respect to our analysis choices.
VI. DISCUSSION
While the currently available data do not allow for any
statistically significant detection, for the UHECR with
energies above 8 EeV we see a preference for b ∼ 0.01
with about a 1.8σ random chance probability. If this
correlation remains as more data is collected, this would
provide an evidence that at least part of the UHECR
events is related to the 2MRS galaxies. Interpreting our
result from the opposite point of view, we limit the al-
lowed values of b for this sample to below 0.05.
In general, we find a systematic decrease in the best
fit value of b when using a larger range of multipoles ` in
the estimate. This is not surprising, as the high ` data
are expected to be increasingly noise dominated due to
the PAO resolution.
A natural explanation for the low value of the observed
bias is a strong deflection of the UHECR by the magnetic
fields between the UHECR sources and Earth, erasing
6the relationship between the directions to the source and
the observed UHECR direction. A straightforward test
of this hypothesis is investigation of the dependence of
the bias on the UHECR energy, with the expectation of
bias growing with energy as the high energy UHECR are
less deflected. By looking at events in the 4 EeV – 8
EeV energy range and events above 52 EeV we indeed
see a hint of the bias rising as the energy of UHECR
sample increases (Fig. 2), but there is insufficient statis-
tic to make any claims. It would be interesting to split
the PA events above 8 EeV into finer energy bins and
repeat the analysis, but to our knowledge the energies of
individual events (except for the small number of events
released with [12]) are not public.
Alternative explanation of the low values of b would be
that the UHECR trace not the full large scale structure
as expressed through the 2MRS galaxies, but only a small
subset of the galaxies (e.g. only the starburst galaxies).
If this is the case, then cross-correlating with the whole
2MRS catalog effectively dilutes the signal, leading to
lower values of b. Another avenue for future research
is thus looking into correlations with more specific large
scale structure datasets. Alternatively, one can consider
linear combinations of multiple tracers, each with its own
individual bias factor bi, or split the objects to cross-
correlate with into redshift bins to investigate redshift
dependence.
The curious excess cross correlation between the high-
est energy UHECR sample and the 2MRS galaxies ap-
pears at scales that correspond to slightly below a degree
or so, ` in the range 235 – 295. Fitting only the corre-
sponding three bins formally leads to b = 0.93 ± 0.19,
although one should not overestimate the significance of
this due to the a posteriori nature of discovering this
anomaly (which would be hard to quantify in terms of
probabilities). While at these scales we would expect
PAO to quickly start losing sensitivity due to experimen-
tal resolution, in principle PAO might still be capable
of picking up signal here. However, it is hard to imag-
ine a physical mechanism that would cause correlations
at these scales which would not also manifest itself on
larger angular scales. Fortunately, PAO should have de-
tected over 100 new events with energies above 52 EeV
that are not included in [12]. With these new events, it
should be possible to quickly confirm that this anomaly
is just a statistical fluctuation, now without any penalty
for an a posteriori selection.
Finally, we want to stress how the cross power spec-
trum technique allows us to simply probe the angular and
energy dependence of the relation between the UHECR
flux and the nearby large scale structure, something that
is often clouded by scanning over energy and a smoothing
scale in a typical anisotropy search.
Appendix A: Pierre Auger Observatory Exposure
To approximate the exposure of the Pierre Auger Ob-
servatory, located at latitude λPAO = −35.21◦, as a func-
tion of declination, we will assume PAO is capable of
detecting all UHECR events coming from zenith angles
θ < θmax = 80
◦, which was the cutoff selected in [2, 12].
Working in a coordinate system with origin placed in
the Earth’s center, with the z axis going through the
north pole and PAO located on the x axis, the position
of PAO is
~vPAO = (cosλPAO, 0, sinλPAO) . (A1)
We can parameterize a general UHECR event as com-
ing from
~ve = (cos δ cosφ, cos δ sinφ, sin δ) , (A2)
where δ is the declination and φ ∈ [−pi, pi]. To be de-
tected, this event must satisfy
~ve · ~vPAO > cos θmax, (A3)
which is equivalent to
cosφ >
cos θmax − sin δ sinλPAO
cos δ cosλPAO
(A4)
|φ| < φcr(δ), (A5)
where for our values of λPAO
φcr(δ) =

0, δ > θmax + λPAO
pi, δ < θmax − λPAO − pi
arccos
(
cos θmax−sin δ sinλPAO
cos δ cosλPAO
)
, otherwise.
(A6)
The exposure for given declination is then proportional
to
E(δ) ∝
∫ φcr(δ)
−φcr(δ)
~ve · ~vPAO dφ (A7)
∝ cos(λPAO) cos(δ) sin(φcr)
+ φcr sin(λPAO) sin(δ). (A8)
For the PAO parameters, the dependence of exposure
on declination is shown in Figure 5 (compare with Fig-
ure S1 of [2]), together with two other choices of parame-
ters we use to test sensitivity of our results to the details
of E(δ).
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